Based on design principle of spill-resistant oven, the function characteristics of three kinds of porous materials were investigated in theory and experiment respectively, in order to suppress spilling of liquid cesium under simulated space environments. In detail, using capillary wetting theory in microgravity, it was analyzed that the anti-spill mechanism on how hydrophobic surface of stainless steel can avoid liquid cesium to spill from the orifice of heat oven. Meanwhile, the experiment of cesium absorption on graphite and simulation of random vibration for cesium oven were carried out, for the sake of the availability of cesium beam frequency standard in space environment. Furthermore, a new notional strategy which depends on extraordinary structure of porous wick with different zone-properties is able to trap the droplets under vibration conditions, and can provide one possibility for potential application in anti-spill technology of spaceborne atomic clocks.
INTRODUCTION
In space environment, as large capillary height of liquid and grim vibration of satellite, migration and spilling of liquid cesium will affect performance of cesium beam frequency standard, such as working lifetime of cesium beam tube, frequency stability of cesium atomic clock and so on (Klipstein, 2005; George, Vulcan, 1977; Drullinger, Glaze, 1985) . Compared with ground conditions, cesium atomic clock always withstands mechanical vibrations in microgravity. In this light, due to structural failure, cesium droplets (Klipstein, 2005) outflowing from ampoule or dispenser will affect the quality of cesium atomic beam. Obviously, it is very important for cesium beam frequency standard to enhance control of liquid cesium in space environment. Cesium oven is one of pivotal parts in design of beam optics, and can achieve effectively management of fluid cesium including liquid cesium and gaseous cesium. In the past, cesium ovens with anti-spill function had been designed to suppress or avoid the influences from space environment (Kern, 1969; Laurent, Jentsch, 2007; Drullinger, 1985) .
It is noting that porous materials inside cesium oven play a significant role in enhancing performance of cesium beam frequency standard by improving using efficiency of cesium atom. Function characteristics of these porous materials always affect working performance of cesium oven. As shown in Figure 1 , collimator, mesh-wire and graphite are three kinds of porous materials inside cesium oven. Mesh-wire what is closely related toanti-spill function can remove spilling droplets inside atomic beam. Graphite has the ability of getter via absorbing cesium atoms outside beam axis. Depending on long micro-pores, collimator can collimate atomic flux along beam axis. Finally, the cesium atomic beam which is originating from gaseous cesium without droplets will be used for cesium beam frequency standard. Therefore, cesium fluid including liquid cesium and gaseous cesium must be managed seriously by porous materials, especially in space environment.
Referred to management of gaseous cesium, collimator which represents working performance of cesium oven usually is a pivotal part. Distribution of the angle and intensity of beam flux are determined by structural design of pore geometry. However, if the liquid contacts with a collimator, it is not beneficial for the quality of cesium beam as the damage of porous structure. In addition, graphite getter is employed for maintaining of vacuum pressure. If lots of atoms penetrate graphite blocks, mechanical characteristic of graphite will be reduced.
Obviously, management of liquid cesium is very important for management of gaseous cesium to improve the quality of cesium beam flux. Liquid cesium can be controlled in microgravity via using all kinds of porous materials, such as mesh-wire, foam metal, porous ceramic and so on (Klipstein W., 2005; Kern R. H., 1976) . Among these, mesh-wire is used early in the past and has been reserved. Hence, the investigation on the said porous materials can be focused mainly on mesh-wireinside cesium oven. However, it is a question of cesium beam frequency standard on how to determine much better candidate of porous materials due to difficulty of experimental operation in space environment. A few of literatures were reported about anti-spill mechanism of porous materials which can be used for the design of anti-spill oven.
Based on the above considerations, porous materials inside cesium oven were investigated theoretically and experimentally, in order to enhance stability of liquid cesium and avoid migration and spilling of liquid cesium. It is useful for application and development of space borne atomic clock.
Figure1.
Relationship between porous materials inside cesium oven and cesium frequency standard
ANTI-SPILL AND POROUS MATERIALS

Migration and spilling of liquid cesium
When liquid enters into a single tube during self-wetting, a formula can be obtained according to capillarity:
where g is gravity acceleration, h is liquid length, u is liquid velocity,  is included angle between u and g,  is wetting contact angle between liquid and solid surface, R is capillary radius,  is liquid viscosity,  is surface tension.
For liquid metal, a relationship between  and  can be expressed as
where k B is Boltzmann constant, m is atomic mass, T is liquid temperature.
Therefore, an initial velocity and a maximum capillary height can be obtained as follows:
o , then u 0 >0, >90 o and h  >0, the liquid inside cesium ampoule will migrate up. Meanwhile, due to decreased gravity, effect of capillary wetting will become observable in space environment.
Using the technology of CFD (computational fluid dynamics), the migration of liquid cesium was simulated numerically. As shown in Figure 2 , if =15 o and g=0.2 m/s 2 in geosynchronous orbit, liquid cesium inside ampoule will migrate up along hydrophilic wall of stainless steel, resulting that the liquid will flow out from an orifice, having a velocity about 100.0 mm/s at oven temperature of T=388.0 K. Meanwhile, there is thin film of liquid cesium on surface of wall, but it is very instable.
In addition, the liquid inside ampoule will be sloshed easily under condition of vibration. With the method of FE (finite element), mechanical characteristic of cesium oven was carried out after random vibration where GRMS (root mean square of gravity acceleration) of the PSD (power spectral density) is more than 14.0 g was loaded along the direction of cesium beam axis. As shown in Figure 3 , the ampoule will be swayed with a relative velocity of 90.3 mm/s between the top and the bottom of it. It is analyzed that equivalent stress of wall inside ampoule has a maximum of 19.4 MPa. In that case, the liquid will be sloshed due to FSI (fluid structure interaction), spilling droplets are able to be formed and flow out with gaseous cesium easily. As a result, designed lifetime will be shortened and operation performance of cesium atomic clock would be not best. Therefore, it is important for cesium atomic clock to control liquid cesium and gaseous cesium in microgravity. 
2.2.Anti-spill of porous materials
For spilling liquid generated by condensation (Brenner H., 1986) or by effects of capillary migration, mesh-wire can prevent the liquid to flow out from cesium oven especially. As shown in Fig.1 , the ampoule is enwrapped by mesh-wire. For this strategy, anti-spill mechanism of porous materials was clarified clearly in Figure 4 . Firstly, it can maintain stability of liquid cesium because of anti-vibration characteristic of mesh-wire. In that case, it can be deemed to be a damper which can suppress the instability of liquid cesium after vibration. Subsequently, if liquid cesium flows out from the orifice of ampoule, then it will be a gas-liquid separator which can trap spilling droplets. If the temperature of separator is the same as the temperature of ampoule, the droplets can be removed by evaporation. If the temperature of separator is lower than the ampoule, then the separator is not an evaporator, but a demister. Using mesh-wire, a recirculating channel can be introduced between ampoule and demister, resulting in the development of recirculating oven.
Based on the above mechanism, foam metal could replace mesh-wire for the cesium beam frequency standard in space environment, because it has more excellent characteristics in anti-vibration and in gas-liquid separation actually.
Inside cesium oven, ampoule, mesh wire and collimator are made of stainless steel. If >90 o , then u 0 <0, <90 o and h  <0, contact between cesium and surface of stainless steel will become difficult due to low freeenergy of solid surface (Berthier, Brakke, 2012) . To suppress effectively migration and spilling of liquid in space environment, a hydrophobic surface of stainless steel was prepared with the method of surface modification in experiment, and wetting contact angle is about 105 o for water droplet in Figure5.
Figure4
. Anti-spill mechanism of mesh-wire inside cesium oven Compared with the role of damper, the function of separator is more important, because gaseous cesium always goes through the separator even if there are no vibrations in space environment. Hence, the selection and design of mesh-wire should be emphasized in the interaction between liquid cesium and surface of fiber in mesh-wire. Taking an example of the said capillarity, when a spilling droplet with an initial velocity of 100.0 mm/s collides to a fiber of the mesh-wire with a diameter of 45 m as shown in Figure 6 , simulated cesium droplet will be prevented easily by hydrophobic surface (=105 . In this light, mesh-wire will have an excellent performance of gas-liquid separation. Similarly inspired, anti-migration ampoule and anti-wettability collimator can be prepared by using hydrophobic surface of stainless steel. For collimator, intensity and collimation of cesium beam flux will be affected by the droplets, but this method can suppress the damage to porous structure by reducing the interaction between cesium atom and solid surface(Drullinger R. E., Glaze D. J., 1985; Berthier J., Brakke K. A., 2012).
As shown in Figure 1 , graphite is installed in the front of the collimator to absorb cesium atoms outside beam axis in usual. It is essential to have abilities of anti-abrasion and of absorption for a lot of cesium atoms originating from spilling liquid. For this purpose, according to the said simulation of random vibration for cesium oven, surface of positioning graphite was analyzed including structural deformation and distribution of stress. In Figure 7 , it is found that shear stress of the surface has a maximum of 20.4 MPa. That is, it is necessary that compressive strength of graphite block should be more than 20.4 MPa to avoid the abrasion for the getter. Furthermore, absorption of cesium on graphite was carried out in experiment. It is indicated that, ability of absorption for cesium becomes stronger with the increase of porosity, but graphite will become broken easily due to the decrease of compressive strength and to the increase of friction coefficient. When the porosity is equal to 29.5%, absorption of cesium on graphite will achieve an optimal value. Meanwhile, relative smooth surface (see the insert in Figure 7 ) and high compressive strength which is more than 45.0 MPa can make sure that the getter is able to withstand grim vibrations. After random vibration for cesium beam tube, graphite getter was not broken and not abraded, experimentally.
NOTIONAL STRATEGY
According to the above indication, the effects of capillary wetting will govern the behavior of a droplet on surface of porous materials.
For two kinds of surfaces with different parameters containing temperature, capillary radius and wetting contact angle, they have different abilities to trap a droplet. Therefore, a surface of porous material where has a wetting gradient can be structured by surfaces, 1 and 2 as sketched in Figure 8 . For the surfaces 1 and 2, the corresponding parameters are T 1 , R 1 ,  1 and T 2 , R 2 ,  2 , respectively. When a droplet is deposited on, it may move or be moved, as follows:
If T 1 <T 2 , R 1 =R 2 and  1 = 2 , then droplet will be moved by temperature gradient. In this light, a recirculating oven had been designed (Drullinger R. E., Glaze D. J., 1985) . Unfortunately, it is necessary for external energy of the cool demister to be considered.
However, if T 1 =T 2 and R 1 <R 2 , then  1 > 2 , droplet will be self-motion(Berthier J., Brakke K. A., 2012). For the sake of anti-spill, mesh-wire and foam metal can be used together, because the capillary radius of mesh-wire is larger than foam metal. As a result, due to wetting gradient, spilling droplets can be trapped and be recycled by this surface of porous wick with zone-properties. 
4.CONCLUSIONS
Cesium oven with anti-spill characteristic can be designed with porous materials. Porous materials inside cesium oven are significant for maintaining and improving the quality of beam flux. In microgravity, wetting contact angle is an important factor of anti-spill design. Non-wetting surface of stainless steel which is used for ampoule, mesh-wire and collimator can suppress migration and spilling of liquid cesium. Porosity affects mechanical characteristic and absorption ability of graphite getter. Porous material with the characteristics in anti-vibration and in gas-liquid separation can be used for cesium beam frequency standard in space environment. It is easy that spilling droplet is recycled by surface with wetting gradient.
